The analysis of cytokine profiles helps to clarify functional prop-most important function, cytokines can be classified erties of immune cells, both for research and for clinical diagnosis.
product accumulation is measured during the exponen-PRINCIPLE OF REAL-TIME PCR tial phase of the reaction by interruption of the PCR after an experimentally determined number of cycles Two important findings led to the discovery of real- (10) (11) (12) . In this method it is extremely important that time PCR: first, the finding that the Taq polymerase PCR product is measured during the exponential phase possesses 5Ј → 3Ј-exonuclease activity (19) ; second, the of the reaction. Drawbacks of this system are the rela-construction of dual-labeled oligonucleotide probes, tively small linear range, as well as the fact that the which emit a fluorescence signal only on cleavage, based results obtained will at a maximum be "semi" quan-on the fluorescence resonance energy transfer (FRET) principle (20, 21) . In the TaqMan assay these two imtitative.
portant findings are combined (22) . In this real-time Alternatively, quantitative competitive RT-PCR has PCR method the Taq polymerase enzyme cleaves an been widely used for cytokine mRNA analysis (13) (14) (15) (16) .
internal labeled nonextendable probe, the so-called This method requires coamplification of a "competitor"
"TaqMan" probe, during the extension phase of the with the unknown sample in the same tube. This inter-PCR. The probe is dual-labeled, with a reporter dye, nal control consists of target DNA or RNA that has been e.g., FAM (6-carboxyfluorescein), at one end of the probe slightly modified. For cytokine quantification, mosaic and a quencher dye, e.g. TAMRA (6-carboxytetramethRNAs containing sequences of several cytokines or ylrhodamine), at the other extremity. As long as the RNAs consisting of slightly modified sequences of indi-probe is intact (in its free form), fluorescence energy vidual cytokines have been used (14) . Thus, one primer transfer occurs through which the fluorescence emisset is used to amplify the target and the competitor sion of the reporter dye is absorbed by the quenching simultaneously, although they can be distinguished dye. On nuclease degradation of the probe during the from each other, for instance, by difference in length or PCR, the reporter and quencher dyes are separated, restriction sites. The amount of mRNA is quantified and the reporter dye emission is no longer transferred to the quenching dye (no more FRET), resulting in an by titration of an unknown amount of target template increase of reporter fluorescence emission (e.g., for FAM against a dilution series of known amounts of internal at 518 nm). This process occurs in every cycle and does competitor. Although this method provides a strategy not interfere with the exponential accumulation of for accurate quantification, the design of internal stand-PCR product. ards is technically complicated and validation of the More recently, other sophisticated systems have been technique is labor intensive. Moreover, this may still developed, such as molecular beacons, scorpions, and not result in absolute quantification because possible hybridization probes. These systems all rely on the differences in efficiency between control and target will FRET principle, although without the need for hydrolremain undetected (17) .
ysis by the nuclease activity of the Taq polymerase. Irrespective of the PCR amplification method used, Finally, the use of dsDNA-binding dyes, such as SYBR several techniques are used for the detection of PCR Green, was found to be very useful in detecting PCR products, such as agarose gel electrophoresis and ethid-product formation. Using this system, the need for an ium bromide staining (11), fluorescence labeling and expensive, although specific probe can be avoided.
Using any of the developed chemistries, the increase analysis using polyacrylamide gels (14) , and radioactive in fluorescence emission can be read by a sequence labeling and Southern blotting or detection by phosdetector in "real time," during the course of the reaction, phorimaging (18) . All these techniques require intenand is a direct consequence of target amplification dursive and laborious post-PCR manipulation, make use ing PCR. A computer software program calculates a of hazardous chemicals, and carry a potential risk for ⌬Rn using the equation ⌬Rn ϭ Rn + Ϫ Rn Ϫ , where Rn + laboratory contamination. is the fluorescence emission of the product at each time The introduction of the new procedure based on fluo-point and Rn Ϫ is the fluorescence emission of the baserescence-kinetic RT-PCR enables quantification of the line (22, 23) . Thus, this value expresses the probe degra-PCR product in "real-time." This sensitive and accurate dation during the PCR process. The computer software technique measures PCR product accumulation during constructs amplification plots (Fig. 1A) using the fluothe exponential phase of the reaction. The technique is rescence emission data that are collected during the much faster than the previous endpoint RT-PCR as it PCR amplification. The ⌬Rn values are plotted versus is designed to provide information as rapidly as the the cycle number. During the early cycles of the PCR amplification process itself, thus requiring no post-amplification, the ⌬Rn values do not exceed the base-
line. An arbitrary threshold is chosen, based on the PCR manipulations. variability of the baseline, usually determined as 10 The ABI Prism 7700 Sequence Detection System times the standard deviation of the baseline, set from (SDS) from Applied Biosystems (Foster City, CA) was cycles 3 to 15. This can be manually changed for each the first commercially available thermocycler for realindividual experiment if necessary. Threshold cycle (C t ) time PCR. Laser light induces the fluorescence. Continvalues are then calculated by determining the point at uous fluorescence wavelength detection from 500 to 660 which the fluorescence exceeds this chosen threshold nm allows multiplex PCR by the use of multiple fluorolimit. C t is reported as the cycle number at this point. phores in a single reaction. The instrument can be used Therefore, C t values decrease linearly with increasing for assays based on hydrolysis probes, molecular beainput target quantity (Fig. 1B) . This can be used as a cons, and dsDNA-binding dyes. One run has a capacity quantitative measurement of the input target.
of 96-well positions and takes about 2 h to complete. The high specificity of this method is due to a comple-The result, however, can be viewed and analyzed only mentarity between the set of primers, the internal when the amplification run is completed. Numerous probe, and the target. Indeed, a fluorescence signal will publications describe use of the ABI Prism 7700 SDS be generated only if the probe is annealed to the target to quantify cytokine mRNA expression, convincingly sequence during PCR amplification.
illustrating that it is capable of providing reliable results using TaqMan probes, for instance, in studies on cytokine quantification in murine tissues (24) Amp 5700 SDS. This system, like the 7700 SDS, can At present, it is possible to choose between a variety carry out real-time RT-PCR using the TaqMan assay, of competing instruments, the most important characmolecular beacons, or the DNA-binding dye SYBR teristics of which are summarized in Table 1 . All the Green I. The 5700 SDS differs from the 7700 SDS in instruments available run the reaction as a closed-tube system, diminishing the chances of contamination.
use of a halogen lamp instead of a laser. It is a less expensive alternative, but allows only single-waveThe iCycler iQ from Bio-Rad Instruments (Hercules, CA) is another option for the real-time PCR. It has an length detection. In the literature the use of the Gene Amp 5700 in combination with SYBR Green I technol-optical module that can be connected in the thermal cycler, measuring fluorescence emission during the ogy to quantify cytokine mRNA has been exemplified in lung infections by Legionella pneumophila (43) .
PCR. The fluorescence emission can be viewed during the course of PCR amplification. According to the manuVery recently, Applied Biosystems launched the ABI Prism 7900HT, which has the same specifications as facturer's specifications, the iCycler is able to multiplex four different fluorophores per sample tube. Moreover, the 7700 SDS, but is designed especially for very high throughput applications. The process is completely au-the 96 samples are tracked simultaneously, thereby providing a very fast assay. tomated, it is able to prepare the plates that will load the sequence detector and it has the ability to handle A new option is the Mx4000 Multiplex from Stratagene (La Jolla, CA). This sequence detector instrumicrotiter plates ranging in size from 96 to 384 wells. The system also offers an optional automation accessory ment is able to detect multiple-fluorescence PCR chemistries, including TaqMan probes, hybridization probes, capable of loading up to eighty-four 384-well plates into the instrument for a 24-h, hands-free operation. and molecular beacons. The design of the sample block accommodates samples in a variety of formats (96-well The LightCycler from Roche Molecular Biochemicals (Mannheim, Germany) performs real-time RT-PCR in plates, 8-strip tubes, or individual tubes). The light source for the Mx4000 system is a quartz tungsten haloborosilicate glass capillaries which can hold up to 20-l of sample. Fluorescence excitation is made by a blue gen lamp that generates a broad excitation range of 350 to 750 nm, again allowing the performance of multiplex light-emitting diode and is read by three silicon photodiodes with different-wavelength filters, allowing detec-PCR. The system generates real-time amplification plots that can be viewed as the PCR run progresses. tion of spectrally distinct fluorophores. Therefore, multiplex PCR can be performed. Moreover, the fluoresThe Smart Cycler System has recently become available from Cepheid (Sunnyvale, CA). The system cence data can be visualized during PCR amplification. The combination of using air for rapid thermal cycling can be operated with molecular beacons, scorpions, hybridization probes, TaqMan probes, or SyberGreen I. and the high surface-to-volume ratio of the capillaries allows a complete PCR run of 30-40 cycles to be per-An advantage of this system is its high flexibility, as it contains 16 different modules. Each module can be formed in 20-30 min (44) . For cytokine analysis, the LightCycler is most often used in combination with the individually programmed and has its own optical subsystem, being able to detect four different fluorophores dsDNA binding dye SYBR Green I. This method has been validated in several studies, e.g., in murine retinas in one reaction. Different operators can define the parameters for each reaction and different runs can be (45) and human synovial membranes, and in dendritic cells and skin punction biopsies (46). The system can carried out at the same time for individual experiments.
With the software it is also possible to view the data also be used in combination with TaqMan probes, for example, in dendritic cells (47).
as soon as they are collected. A disadvantage of this system, especially accounting for quantification analyAdvantages of the LightCycler, compared with the 7700 SDS are its lower price, the ability to view the sis, is the small sample number.
The Rotor-Gene, designed by Corbett Research data while PCR amplification is still in progress, and the high throughput, since one run can be completed (Mortlake, Sydney, Australia), is a "centrifugal" thermal cycler comparable to the LightCycler. It uses two in 20-30 min. Furthermore, analyzing the specificity of the results by performing melting curves adds to the light sources, a blue one that emits fluorescence at 470 nm and a green one at 530 nm. Either 32 or 72 samples advantages, as it makes the use of dsDNA-binding dyes such as SYBR Green I more reliable (see next section). can be loaded in one run, depending on the tube format.
A wide variety of fluorophores can be detected. Disadvantages are, however, the use of capillaries as opposed to tubes, their use being less practical for the The last four instruments described have become commercially available only very recently. Therefore, investigator. Moreover, the small sample format, allowing only 32 wells to be analyzed simultaneously, at present, publications validating these instruments
are not yet available. is a disadvantage. This is especially important when performing quantification studies, where most often many samples have to be compared within a single experiment. Taking into account that some of the wells B. Detection chemistries are used for a standard curve, and all unknown samples are performed in duplicate wells, only a limited number Currently a range of different possibilities in detection chemistries are available for real-time PCR. All of of samples can be analyzed simultaneously.
them can be used in the different instruments de-between quencher and fluorophore permits FRET, and fluorescence emission does not occur. By the 5Ј-exoscribed above.
nuclease activity of the Taq polymerase the probe is
Hydrolysis or TaqMan Probes
hydrolyzed and the reporter dye is separated from the Three oligonucleotides are used: a forward primer, a quencher, resulting in an increase in fluorescence emisreverse primer, and a probe (Fig 2) . All of them are sion. During PCR amplification, if the target of interest specific for the target and are able to bind to it. The is present, the probe specifically anneals to the target. TaqMan assay uses a probe technology that exploits The Taq polymerase cleaves the probe, allowing an inthe 5Ј → 3Ј-nuclease activity of an enzyme, the most crease in fluorescence emission. This increase in fluocommonly used being Taq polymerase (19) . The assay rescence is measured cycle by cycle and is a direct conseefficiency is largely dependent on this 5Ј → 3Ј nuclease quence of the amplification process (22, 23) . TaqMan activity. In this regard one should be careful in choosing probes, or hydrolysis probes, have been widely used for a suitable polymerase. Indeed, some polymerases avail-real-time RT-PCR for research purposes or diagnosis, able on the market appear not to be suitable for real-such as gene detection (50), virus quantitation (51, 52), time RT-PCR (48), even though the manufacturers molecular quantification of micrometastases in cervical claim they possess 5Ј-exonuclease activity. The probe cancer (53) , and cytokine quantification (24) , just to is an oligonucleotide with a reporter dye at the 5Ј end quote some examples. In an exponentially increasing and a quencher dye at the 3Ј end. The fluorescent re-number of publications use of the TaqMan probes for porter dye is attached covalently to the 5Ј end and can cytokine quantification is described, conclusively showbe FAM (6-carboxyfluorescein), TET (tetrachloro-6-car-ing that the results are very specific and sensitive, boxyfluorescein), JOE (2,7-dimethoxy-4,5-dichloro-6-which is important when analyzing target genes with carboxyfluorescein), HEX (hexacholoro-6-carboxyfluo-very low expression levels. rescein), or VIC. The reporter is quenched by TAMRA (6-carboxytetramethylrhodamine), bound to the 3Ј end
Molecular Beacons by a linker arm. DABCYL [4-(4Ј-dimethylaminophenylazo)benzoic acid] can also be used as a quencher dye
These are probes that form a stem-and-loop structure (49) , but its use is much more prevalent in the molecular from a single-stranded DNA molecule (Fig 3) . A fluorobeacon probes. An advantage of using DABCYL in the phore is linked to one end of the molecule and a TaqMan probes is its reduced autofluorescence com-quencher is linked to the other end (54) . Fluorescence is pared with TAMRA. When the probe is intact the quenched when the probe is in a hairpin-like structure quencher dye absorbs the fluorescence of the reporter (stem-and-loop structure) due to the proximity between dye due to the proximity between both. The proximity quencher and fluorophore allowing FRET (20, 21) . When the probe sequence in the loop anneals to a com-signal (66) . Scorpions allow a very specific PCR amplification, because fluorescence emission occurs only when plementary nucleic acid target sequence, a conformational change allows the formation of a linear structure the specific target is present in the reaction, enabling hybridization between the probe-primer and the tarwhereby FRET no longer occurs, increasing the fluorescence emission. Molecular beacons are especially suit-get. Scorpions represent a relatively new chemistry, validated for mutation detection, but most likely it will able for identifying point mutations. They can distinguish targets that differ by only a single nucleotide and be adapted to other assays (66) . they are significantly more specific than conventional 4. Hybridization Probes oligonucleotide probes of equivalent length (55, 56). A description of the methodology to use molecular beacons
In this system four oligonucleotides are used: two primers and two probes (Fig. 4) . Hybridization probes to detect single nucleotide polymorphisms is published in this issue (57) . Molecular beacons have been used have a single label, one with a donor fluorophore and one with an acceptor fluorophore. The sequences of the mainly for mutation detection (58, 59) , quantification of pathogens (60, 61) , virus replication (62) , and gender two probes are selected so that they can hybridize to the target sequences in a head-to-tail arrangement, detection in embryos (63) . Multiplex PCR for detection of different retroviruses has also been documented (64) . bringing the two dyes very close to each other, allowing FRET. The acceptor dye in one of the probes transfers 3. Scorpions energy, allowing the other one to dissipate fluorescence at a different wavelength. The amount of fluorescence The reaction is carried out with two oligonucleotides: a primer and a fluorescent molecule that combines the is directly proportional to the amount of target DNA generated during the PCR process (67) . This method primer and probe function (65) . The primer is linked to a specific probe sequence that is held in a hairpin-loop has been convincingly validated in studies using the LightCycler instrument. Examples of its use are detecform. This configuration brings the fluorophore in close proximity with the quencher and avoids fluorescence. tion of minimal disease after therapy (68), mutation detection (69-71), pathogen detection (72), and viral As soon as annealing between the primer-probe and the target occurs, the hairpin is opened and the fluoro-load quantification (73) . phore and quencher are separated, resulting in an in-5. SYBR Green I crease in fluorescence emission. Compared with molecular beacons and TaqMan probes, scorpions are faster SYBR Green I is a DNA-binding dye that incorporates into dsDNA (Fig 5) . It has an undetectable fluorescence and are able to produce a much stronger fluorescence Green binds to the dsDNA, target fluorescence occurs.
when it is in its free form, but once bound to the dsDNA is used only for applications where absolute quantification is essential to obtain reliable results, e.g., in quantiit starts to emit fluorescence. Its greatest advantage is fication of viral load (51, 79) . that it can be used with any pair of primers for any More often used for quantification are cDNA plasmid target, making its use less expensive than that of a standards. For quantification of mRNA expression, probe. However, specificity is diminished due to the risk however, these will result only in a relative quantificaof amplifying nonspecific PCR products (45) . Indeed, tion, because variations in efficiency of the reverse tran-SYBR Green I binds to any dsDNA, detecting not only scription step are not controlled. An advantage of using the specific target, but also nonspecific PCR products cDNA plasmids is that, once they are constructed by and primer dimers. This is a major disadvantage. There cloning the target PCR fragment into a suitable plasmid are a few ways of handling this problem, comparing vector, they can be easily prepared in very large melting curves being one of them (74) . The LightCycler amounts. Therefore, numerous experiments can be peris capable of analyzing melting curves of the reaction, formed using the same dilutions of one standard, minsimilar to the RotorGene, the Smart Cycler, the iCycler, imizing interassay variations. Furthermore, cDNA and the Mx4000. In this way, the fraction of fluorescence plasmids can be stored for long periods, aliquoted at originating from the target can be distinguished from Ϫ20ЊC, without significant degradation. Correction for that originating from primer dimers or specific amplifi-inefficiencies in RNA input or reverse transcriptase is cation products. Once the melting curves are estab-performed by normalization to a housekeeping gene lished, it is possible to set the software to acquire fluo-(see next section). To our experience, a great advantage rescence above the primer dimers' melting temperature of using this method is that the standard curve that is but below that of the product. Second, a careful design included in each PCR run provides an extra control and of the primers and optimization of the reaction condi-correction on the PCR efficiency of each individual run, tions can reduce the formation of primer dimers to a making interassay comparisons more reliable. level that is important only for very low copy number An alternative method used for relative quantificadetection. Furthermore, techniques such as Hot Start tion is the comparative C T method. A formal description PCR can reduce primer dimer formation (75) . The SYBR of the comparative C T method is included in this issue Green I method has been successfully used for many (80). In this method arithmetic formulas are used to applications using the LightCycler, e.g., for cytokine calculate relative expression levels, compared with a calibrator, which can be for instance a control (nonquantification (45, 46, 76) and viral load detection (77) . of the calibrator sample. Importantly, for the ⌬⌬C T In the standard curve method a sample of known method to be applicable, the efficiency of PCR amplificaconcentration is used to construct a standard curve. tion for the target gene must be approximately equal This standard can be purified plasmid dsDNA, in vitro-to that for the housekeeping gene. For every individual transcribed RNA, in vitro-synthesized ssDNA (78), or target gene this has to be tested, by determining how any cDNA sample expressing the target gene. The con-the ⌬C T (sample) and ⌬C T (calibrator) vary with temcentration of these DNA or RNA samples can be meas-plate dilution. If the efficiencies of the two are not the ured spectrophotometrically at 260 nm and converted same, and in our hands this is quite often the case, to the number of copies using the molecular weight of another method for quantification has to be used, for the DNA or RNA. For absolute quantification of mRNA example, the standard curve method. Advantages of expression absolute standards have to be used, for in-using this system are that no standards have to be stance, in vitro-transcribed RNA. However, this impli-constructed and that the 96 wells can be fully applied cates a labor-intensive construction of cDNA plasmids for unknown samples, saving time and money. A disadthat need to be reverse transcribed in vitro. Further-vantage however, is that the efficiencies of amplification more, the stability of such standards has to be taken of housekeeping and target gene have to be similar to obtain reliable results. into account. Because of these difficulties, this method present in most cell types. This enzyme can participate NORMALIZATION in different cellular processes. Despite its prevalent use as a housekeeping gene, there is plenty of evidence A reliable quantitative RT-PCR method requires corthat this gene is not a suitable endogenous control for rection for experimental variations in individual requantification assays. Indeed, in several recent articles verse transcription and PCR efficiencies. Indeed, differthe use of GADPH as an endogenous control has been ences in efficiency of the reverse transcription will severely criticized because of numerous situations result in an amount of cDNA that does not correspond where its expression is influenced by the experimental to the starting amount of RNA. Furthermore, because of the exponential nature of the PCR, minor differences treatment or condition (78, 81, 86, 87). in PCR amplification efficiency will result in major difIt should be noted that the optimal choice of ferences in PCR product (81). However, this problem is housekeeping gene is dependent on the specific experiminor using the real-time PCR technique, as opposed mental treatment and tissue. Prior to each set of experito endpoint PCR quantification techniques. This is be-ments a suitable housekeeping gene should be chosen cause quantification is based on C T values, which are that gives the most reproducible results. Sometimes, determined very early in the exponential phase of the however, finding a relevant housekeeping gene can be reaction (Fig. 1A) . Indeed, differences in efficiency be-a nightmare to the investigator. Indeed, some expericome apparent only during the exponential phase or in mental treatments can change the size or composition the plateau phase, while essentially no changes in C T of an organ, e.g., by inducing splenomegaly, rendering values are measured. An example of this is shown in the tissue unsuitable for comparison to a normal control Fig. 1A , where endpoint analysis would provide results tissue. Other treatments, such as irradiation, can completely out of range for the third dilution of the change the expression level of several housekeeping standard, while the C T value is correct. genes, again making normalization very difficult (33) . The normalization to a housekeeping gene is currently the most acceptable method to correct for minor In these cases, a correction factor can be used to comvariations due to differences in input RNA amount or pare the treated samples with the controls. Starting in efficiencies of reverse transcription. An ideal from the hypothesis that a housekeeping gene should "housekeeping" gene should be expressed at a constant differ only because of minor differences in input RNA level among different tissues of an organism, at all levels or differences in reverse transcription efficiency, stages of development, and should not be affected by the mean value for a housekeeping gene in a control the experimental treatment itself. Finding a gene with group should be similar to the mean value of the same these characteristics is not always straightforward. The housekeeping gene in the treated group. If this is not most common genes used as housekeeping gene are the case, the housekeeping gene is influenced by the ␤ -actin, glyceraldehyde-3-phosphate dehydrogenase treatment itself, and normalization will result in wrong (GAPDH), rRNA (ribosomal RNA), and hypoxanthineconclusions. The use of a correction factor, where the guanine phosphoribosyltransferase;, however other mean of the housekeeping gene in the control group is genes also are used, such as cyclophilin (82), mitochondivided by the mean of the housekeeping gene in the drial ATP synthase 6 (83), and porphobilinogen deaminase (84). Choosing the ideal housekeeping gene for treated group, can solve this problem. This correction each experiment is very important to ensure the credi-factor is used to correct for the variation in housekeepbility of the results.
ing gene due to the treatment itself, in each individual ␤ -Actin mRNA encodes a cytoskeleton protein and is sample (33) . expressed among almost all cell types. It is widely used Another situation where the use of a housekeeping to normalize results in real-time RT-PCR, although gene is not possible is in experiments where different there is some evidence that its expression can be kinds of cells are cultured together in different cell:cell changed under various types of treatment and diseases, number combinations, but the target expression by only e.g., porcine immune cells and tissues (85). Our experione of the cell populations is of interest. In this case ence with ␤ -actin has shown that its use is valuable for normalization to a cell-specific gene can be used, e.g., most of the experiments carried out in our laboratory.
CD11b for macrophages (88) , although again one has Indeed, ␤ -actin copy numbers of different samples unto determine if in this specific experimental setup this der different types of treatments are in most cases congene really acts as a "housekeeping" gene. Another posstant, not interfering with the final result.
sibility in this case is to normalize to the input cell GAPDH is another gene widely used as a "housekeeping" gene. GAPDH is an abundant glycolytic enzyme, number (Stoffels et al., unpublished results). Note. FW, forward primer; RV, reverse primer; TP, TaqMan probe, dual-labeled with 5ЈFAM and 3ЈTAMRA; IL, interleukin, IFN-␥, interferon-␥; TNF-␣, tumor necrosis factor ␣; TGF-␤, transforming growth factor ␤; iNOS, inducible nitric oxide synthetase; MCP-1, monocyte chemoattractant protein 1; IL-1Ra, interleukin 1 receptor antagonist; MIP3␣, macrophage inflammatory protein 3␣; IP10, interferon ␥ -inducible protein; TNF-R, TNF receptor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
a Amplicon length in base pairs. and stored at Ϫ80ЊC until use. TRIzol reagent (Life
VALIDATION OF CYTOKINE REAL-TIME RT-PCR
Technologies, Gaithersburg, MD) is used to extract total RNA from most tissues of interest, such as spleen, Here we describe the validation of the real-time lymph nodes, heart, brain, spinal cord, intestine, thy-RT-PCR technique to quantify murine and human mus, and lung, as described by the manufacturer. Howcytokines as well as other factors playing a role in the ever, this method does not give reliable results for panimmune system. We use the ABI Prism 7700 SDS in creatic tissue, probably due to the high concentration combination with the TaqMan chemistry. A specific set of endogenous RNase. Therefore, total RNA from panof primers and internal fluorogenic probe were designed creatic tissue is extracted using the SV Total RNA Isolaand optimized for each of the target genes of interest.
tion System from Promega (Madison, WI). This method The probe, a hydrolysis probe, was dually labeled with results in highly pure, DNA-free RNA, since the protoa reporter dye FAM (6-carboxyfluorescein) covalently col includes a DNase treatment. Total RNA from small attached to the 5Ј end of the oligonucleotide and a amounts (up to 1 ϫ 10 6 cells) of cultured cell lines, quencher dye TAMRA (6-carboxytetramethylrhodamperitoneal murine macrophages, human peripheral ine) at the 3Ј end. With the objective of acquiring a blood mononuclear cells, and pancreatic ␤ cells is exrelative quantification of transcription, cDNA plasmid standards were constructed for each individual target. tracted using the High Pure RNA isolation kit (Roche Finally, to correct for variations in input RNA amounts Diagnostics Corp. Indianapolis, IN), which again comand efficiency of reverse transcription, an endogenous bines RNA extraction and DNase treatment in a spin-"housekeeping" gene (in this case ␤ -actin) was also column system. If total RNA of a larger amount of cells quantified and used to normalize the results.
has to be extracted, ranging from 1 ϫ 10 6 to 1 ϫ 10 7 cells, either the TRIzol Liquid Suspension reagent (Life Technologies) or the RNeasy mini kit (Qiagen Inc, Va-A. RNA Extraction lencia, CA) is used. Both result in pure RNA, although no DNase treatment is included. The concentration of Depending on the tissue to be extracted, different the purified total RNA is determined spectrophotometmethods are used for RNA extraction. Isolated tissues are either used immediately or frozen in liquid nitrogen rically at 260 nm.
B. cDNA synthesis junction. Even with these precautions, it is still not excluded that the primer set will not coamplify genomic Total RNA is reverse transcribed in two steps. First, DNA. This is indeed the case for CD40, IL-1Ra, MIP3␣, 5 M oligo(dT) 16 (Applied Biosystems) is added to 0.5-1 and TNF-R (Table 2) , where either the forward or reg of total RNA, heated to 70ЊC for 10 min, and subseverse primer or the probe is located on an intron/exon quently cooled on ice. Second, 100 U of Superscript II boundary. In these cases, designing a second primer reverse transcriptase (Life Technologies) is added in also located on a boundary or in the next exon might the presence of 50 mM Tris-HCl, pH 8.3, 75 mM KCl, provide a solution to this problem. Finally, if the geno-3 mM MgCl 2 , 5 mM dithiothreitol (DTT), 0.5 mM dNTPs mic DNA sequence of the target cDNA has not been and kept at 42ЊC for 80 min. For every reaction set, one published (e.g., CD40 ligand, fractalkine in Table 2 ), RNA sample is performed without Superscript II RT primers cannot be designed on different exons and the (RT-minus reaction) to provide a negative control in the coamplification of genomic DNA cannot be avoided. In subsequent PCR. To minimize variation in the reverse this case treatment of the RNA with RNase-free DNase transcription reaction, all RNA samples from a single is necessary. In our hands treatment of the RNA with experimental setup are reverse transcribed simultanethe total RNA purification kit from Roche efficiently ously. For subsequent PCR amplification maximum 0.5 removes contaminating DNA without significant degral of each cDNA sample is used per 25 l PCR -mixture.
dation of the RNA sample. Use of larger amounts of cDNA in the PCR is avoided, For each target gene different concentrations of since this may inhibit efficient PCR amplification.
MgCl 2 (3-9 mM) and primers (100-900 nM) are tested to optimize the PCR. The exact MgCl 2 and primer concentrations are not mentioned here, because, in our C. Designing Primers and Probes experience, optimal conditions may differ considerably depending on the company where the primers are synPrimers and probes for all target sequences were designed using the computer program Primer Express, a thesized. Therefore we suggest titrating always for optimal primer and MgCl 2 concentrations. However, identisoftware program specially provided with the 7700 SDS (Applied Biosystems) (Tables 2 and 3 ). The default pa-cal thermal cycling conditions are used for all targets:
15 s at 94ЊC and 1 min at 60ЊC, with a total of 35 (␤ -rameters of this program are set very narrow; most important are the T m of the primers and probe and the actin) to 45 cycles.
When optimizing the PCR for each individual target amplicon length. The melting temperature (T m ) of the primers is 58-60ЊC, while the T m of the probe should gene, different controls are performed, as described in detail previously (24) . Essentially, controls are perbe at least 10ЊC higher, approximately 68-70ЊC, to anneal to the target sequence during the extension step formed to confirm the specificity and size of the PCR product, as well as to exclude coamplification of genomic of the PCR (PCR extension is performed at 60ЊC). An advantage of these narrow temperature ranges is that DNA. For all murine target genes listed in Table 2 the possible coamplification of genomic DNA is indicated the temperature cycle conditions for PCR amplification are identical for all targets. When designing the probe, in the last column. For all human cytokines optimized (Table 3) all primer-probe sets are specifically amplithe presence of guanidine at the 5Ј end has to be avoided, because this base slightly quenches the re-fying the cDNA, not coamplifying genomic DNA.
Murine -actin as well as GAPDH coamplifies genoporter signal, even after probe cleavage. Furthermore, the probe should contain more C's than G's; if this is mic DNA, due to the known presence of corresponding pseudogenes (89, 90) . In this case the following is used not the case, the antisense probe is used (e.g., for IL-6, IL-15, IFN-␥, CD40 ligand in Table 2 ). Amplicon to subtract the percentage of genomic DNA contamination: lengths should be chosen as short as possible: between 50 and 150 bp, although, in our experience, amplicons 2 [C T (RT ϩ )ϪC T (RT Ϫ )] . up to 300 bp amplify efficiently. On the other hand, amplicons shorter than 90 bp are avoided, because they However, due to the very high mRNA expression of both are more difficult to visualize on agarose gel and to "housekeeping genes," contaminating genomic DNA purify on DNA purification columns (see construction has, in all experiments we have performed, always been of cDNA plasmids below).
less than 1% of the cDNA sample, thus being negligible. When designing the primers, special care is taken to prevent coamplification of genomic DNA. For all the D. PCR Amplification targets the primers are located in two different exons. Moreover, in the case of small introns, either one of PCRs are performed in an ABI Prism 7700 SDS. A Power Macintosh 7200 linked to the sequence detector the primers or the probe is located on an intron-exon is programmed with the reaction conditions. PCR am-amounts of input copy number, the target gene can be plifications are performed in a total volume of 25 l, quantified in the unknown samples. For each dilution, containing 0.5 l cDNA sample, 50 mM KCl, 10 mM ⌬Rn was measured and plotted against cycle number. Tris-HCl (pH 8.3), 10 mM EDTA, 60 nM Passive Refer-By plotting Ct values against the known input copy ence 1, 200 M dNTPs, 3-9 mM MgCl 2 , 100-900 nM number, a standard curve is generated, with linear of each primer, 100 nM TaqMan probe, and 0.625 U range covering 7-8 log units (Fig. 1) . AmpliTaqGold (Applied Biosystems).
To construct the cDNA standards, total RNA was PCR amplifications are always performed in dupli-extracted from a tissue with known expression of the cate or triplicate wells, using the following conditions: target, most often the spleen, and cytokine cDNA frag-10 min at 94ЊC, followed by a total of 35 to 45 two-ments were generated by RT-PCR using the same primtemperature cycles (15 s at 94ЊC and 1 min at 60ЊC). ers as described above. Each of these amplicons was Intra-and interassay variability appears to be very low, purified on silica columns (QIAquick PCR purification; as described previously (24) .
Qiagen, Chatsworth, CA) and cloned into pGEM-Teasy (Promega Corp.). Ligated fragments were transformed into DH5␣ -competent cells (Life Technologies) and E. Quantification Using the Standard Curve Method plasmid DNA was prepared using silica cartridges (Nucleobond AX plasmid purification; Macherey-Nagel, To quantify the results we constructed cDNA plasmid Dü ren, Germany). The exact sequence of cloned amplistandards, consisting of purified plasmid DNA, specific cons was analyzed by cycle sequencing (Thermofor each individual target. By including a serial dilution of such a standard in each PCR run, with known sequence fluorescence labeled primer sequencing kit), FW  CGCCAATGACTCAGAGGAAGA  120  X02531  RV  AGGGCGTCATTCAGGATGAA  X03833  TP  AGCACCTTTTAGCTTCCTGAGCAATGTGAAA  IL-2  FW  AACTCACCAGGATGCTCACATTTA  148  NM000586  RV  TCCCTGGGTCTTAAGTGAAAGTTT  J00264  TP  TTTTACATGCCCAAGAAGGCCACAGAACT  IL-4  FW  CCACGGACACAAGTGCGATA  149  M13982  RV  CCCTGCAGAAGGTTTCCTTCT  M23442  TP  TCTGTGCACCGAGTTGACCGTAACAGAC  IL-10  FW  GTGATGCCCCAAGCTGAGA  138  AF043333  RV  CACGGCCTTGCTCTTGTTTT  U16720  TP  CCAAGACCCAGACATCAAGGCGCA  IL-12p40  FW  TGGAGTGCCAGGAGGACAGT  147  AF180563  RV  TCTTGGGTGGGTCAGGTTTG  AY008847  TP  ATGGTGGATGCCGTTCACAAGCTCAA  IL-15  FW  GGAGGCATCGTGGATGGAT  143  NM000585  RV  AACACAAGTAGCACTGGATGGAAA  X91233  TP  CTGCTGGAAACCCCTTGCCATAGCC  IFN-␥  FW  TCAGCTCTGCATCGTTTTGG  120  X01992  RV  GTTCCATTATCCGCTACATCTGAA  J00219  TP  TTGGCTGTTACTGCCAGGACCCATATGT  TGF-␤  FW  CAGCAACAATTCCTGGCGATA  136  NM000660  RV  AAGGCGAAAGCCCTCAATTT  Y00112  TP  CTGCTGGCACCCAGCGACTCG  TNF-␣  FW  TCTTCTCGAACCCCGAGTGA  151  M10988  RV  CCTCTGATGGCACCACCAG  X02910  TP  TAGCCCATGTTGTAGCAAACCCTCAAGCT  X02159 Note. FW, forward primer; RV, reverse primer; TP, TaqMan probe, dual-labeled with 5ЈFAM and 3ЈTAMRA; IL, interleukin; IFN-␥, interferon-␥; TGF-␤, transforming growth factor ␤; TNF-␣, tumor necrosis factor ␣.
a Amplicon length in base pairs. b Genbank accession number of cDNA and corresponding gene, available at http://www.ncbi.nlm.nih.gov/.
with M13 universal primers, using the ALFexpress avoided. This is preferable because of the often low instrumentation (Amersham Pharmacia, Uppsala, expression levels of cytokines in the samples to be anaSweden). cDNA plasmid concentrations were measured lyzed, necessitating an RNA extraction with very good by optical density spectrophotometry (Pharmacia, efficiency. If not, some of the cytokines of interest might Uppsala, Sweden) and the corresponding copy number be expressed below the detection limit. was calculated using the equation As mentioned, the system allows a very high throughput, as one run, containing a maximum of 42 1 g of 1000 bp DNA ϭ 9.1 ϫ 10 11 molecules. samples in duplicate wells and a standard curve, is performed within 2 h. When performing experiments Serial 10-or 5-fold dilutions of the resulting plasmid with large numbers of samples (e.g., from different clones, e.g., ranging from 10 7 down to 10 2 input cDNA treatment groups), the results from different runs will copies, are used as a standard curve in each PCR run. have to be compared. Therefore, it is very important to Dilutions of the plasmid clones are stored aliquoted at minimize interassay variability. This can be handled Ϫ20ЊC. To minimize interassay variability, all samples by preparing one universal PCR mixture and a single analyzed from a single experiment are performed with dilution series of the standard, and subsequently runthe same dilution series of a standard.
ning all the samples from a single experimental setup using this same master mixture. Minor differences in PCR efficiency between the different runs will be cor-
POTENTIAL AND PITFALLS
rected for by using the same dilution series of the standard curve. The analysis of cytokines plays a central role in the Finally, normalization to a relevant "housekeeping understanding of inflammatory reactions, autoimmune gene" is not always straightforward. This problem is diseases, and transplant rejections, resulting in better not only important in the real-time RT-PCR technique, insight into the different immunological pathways inbut is inherent to all quantitative RNA expression techvolved. Because the samples obtained to analyze (e.g., niques. However, finding a good "housekeeping gene" tissue biopsies) are often too small to allow quantificathat is not influenced by the experimental treatment tion of cytokines at the protein level, quantification at itself is very important, and it is often necessary to test the mRNA level is increasingly used. Indeed, detection different housekeeping genes to find the best suitable methods such as ELISA are not sensitive enough for for each individual experiment. the analysis of cytokines expressed at very low levels.
Once all parameters are optimized and all factors Real-time RT-PCR as described in this review is a revolutionary technique in this field, and is the method are carefully controlled, the method allows a very high of choice to quantify cytokine mRNA levels from organs, throughput of accurate results. We have been working body fluids, or cell cultures. The technique is very fast, with this method to quantify cytokine mRNA expresaccurate, and sensitive, compared with previously de-sion levels in our laboratory for more than 5 years and scribed endpoint RT-PCR methods, and has a decreased the applicability of the process has been confirmed in potential for PCR contamination as it is performed in different studies approaching diabetes prevention and a "closed tube" chamber. PCR amplification is combined treatment in the nonobese diabetic mouse (NOD with product detection, allowing continuous monitoring mouse), as well as in transplantation studies (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . of PCR product during the reaction. The method is very In our experience, it is obvious that the use of this sensitive, allowing the analysis of very small amounts technique, in the many studies performed, has defiof RNA. Moreover, in contrast to ELISA, many different nitely resulted in better insight into the important imtarget genes can be quantified from a single RNA munological mechanisms playing a role in autoimmune sample.
diseases, such as Type 1 diabetes, and transplantationAlthough the "real-time" RT-PCR is a very powerful related immunology. technique, it needs extensive and accurate optimization to be reliable. Different points have to be taken into account, such as avoiding coamplification of genomic CONCLUSION DNA, interassay variability, and normalization to a relevant housekeeping gene.
Overall, real-time RT-PCR makes the quantification In our experience the best way to avoid coamplificaof mRNA expression easier, quicker, and more sensitive. tion of genomic DNA is designing specific primer sets
With careful optimization it can be very accurate and that do not react on genomic DNA. In this way an additional DNase treatment on the RNA sample can be reliable, making it ideal as the standard method for 
